Two classes of long-chain polyunsaturated fatty acids may play an important role in prostate cancer development and progression. n-6 fatty acids, i.e., linoleic acid and arachidonic acid, have been shown to exert mainly a growth-promoting effect on cell lines and xenografts, whereas n-3 fatty acids, i.e., eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), have growth-inhibitory effects (1 -6) . n-6 fatty acids, contained in large quantities in corn and safflower oils and in meat, are the predominant polyunsaturated fatty acids in the Western diet. In the U.S., the intake of linoleic acid (n-6) is on the order of 10 to 20 g/d; thus, constituting 85% of the total fatty acids consumed (7) . In contrast, the n-3 fatty acids, EPA and DHA, are contained in fish oils and are the major fatty acids consumed in the Japanese diet. The ratio of long chain n-6 to n-3 fatty acids in the Western diet is on the order of 10:1 to 20-25:1 whereas in Japan this ratio is 4:1 (8) . Epidemiologic studies support an inverse association between marine-derived n-3 fatty acid intake and prostate cancer risk, and risk of advanced prostate cancer (9 -12) . Other studies, however, do not confirm the inverse association between intake of marinederived n-3 fatty acids and prostate cancer risk (13, 14) . a-Linolenic acid, an n-3 fatty acid derived from plant oils, was found to increase the risk of advanced prostate cancer (12, 13) . Thus, marine-derived n-3 fatty acids such as EPA and DHA may potentially inhibit prostate cancer development and progression, whereas plant oil -derived n-3 fatty acids (linolenic acid) may promote prostate cancer growth. In vitro and in vivo animal data suggests that the balance of n-6 and marine-derived n-3 fatty acids affects the growth of prostate cancer. Linoleic acid (n-6) has been shown to exert a stimulatory effect on the growth of androgen-responsive (LNCaP) and androgenindependent (PC-3) human prostate cancer cell lines, whereas DHA and EPA (n-3) inhibit in vitro growth (1, 2, 5, 6 ). In two prior animal feeding studies, n-3-based diets reduced the growth of s.c. DU-145 xenografts in nude mice when compared with n-6-based diets (3, 4) . In one of these studies, Karmali and colleagues showed that DU-145 tumors from mice consuming a fish oil -based diet (20.52% fish oil plus 3% corn oil) had increased n-3 fatty acid levels and decreased prostaglandin E 2 (PGE 2 ) levels relative to tumors from mice consuming a corn oil -based diet (23.52% corn oil; ref. 3) .
Dietary linoleic acid (n-6) is converted to arachidonic acid (n-6) and stored in membrane phospholipids (15) . Arachidonic acid is released by cytosolic phospholipase A2-a and converted to prostaglandin H 2 (an unstable intermediate hydroxyl-endoperoxide) by the enzymes, cyclooxygenase-1 and -2 (COX-1 and COX-2; ref. 15) . Prostaglandin H 2 is converted to PGE 2 , a proinflammatory eicosanoid implicated in promoting tumor growth and metastasis through various mechanisms including cell proliferation, inhibition of apoptosis, angiogenesis, and invasion (15 -18) . Increased levels of PGE 2 have been observed in malignant human prostate cancers (compared with benign counterparts) and in carcinogen-induced rat and mouse prostate cancer (3, 18, 19) . Whereas COX-1 is constitutively expressed, the COX-2 isoform is inducible by PGE 2 , inflammatory cytokines, hormones, and tumor promoters (20 -23) . The COX-2 isoform is overexpressed in prostate cancer, and increased mRNA and protein levels of COX-2 have been reported in malignant as compared with benign prostate tissue (24 -26) .
To date, animal feeding studies using androgen-sensitive prostate cancer xenografts have not evaluated if altering the dietary ratio of n-6 to marine-derived (DHA and EPA) n-3 fatty acids affects tumor growth, serum and prostate tumor membrane fatty acid levels, and COX-2 levels. This preclinical study was designed to evaluate the efficacy and biomarker data related to n-6 and n-3 fatty acid intake for use in future human trials in men with androgen-sensitive prostate cancer.
Materials and Methods

Animal husbandry and feeding protocol
Thirty (15 mice/group) male CB17 beige severe combined immunodeficiency mice (8 weeks old) were obtained from the UCLA Department of Laboratory Animal Medicine facility, which is accredited by the American Association for Accreditation of Laboratory Animal Care. The mice were housed one per cage to allow for the maintenance of isocaloric intake between the diet groups. The experiments were approved by the UCLA Chancellor's Animal Research Committee, and animals were cared for in accordance with institutional guidelines.
The diets were prepared and sterilized (irradiated) by DYETS, Inc. (Bethelheim, PA). Isocaloric diets were formulated to contain 3,747 kcal/g with 20% of energy from protein (casein), 60% of energy from carbohydrates, and 20% of calories from fat. The fat in the n-6 diet was from corn oil and the n-6 to n-3 ratio was 26:1. The n-3 diet was formulated to contain n-6 and n-3 fatty acids in a ratio of 1:1 with menhaden oil and corn oil (Supplemental Table S1 ). Fatty acid analysis of the irradiated research diets confirmed the quantity and ratio of n-6 and n-3 fatty acids in the irradiated pellets (Table 1) . Initially, a palatability study (without tumor injection) comparing ad lib intake of the n-6 and n-3 diets was done and the mice consumed an equal amount of calories per day in each diet group (data not shown). During the xenograft experiment, the mice were fed every Monday, Wednesday, and Friday. At the time of each feeding, the uneaten food was weighed and the average caloric intake of each diet group was calculated to monitor caloric intake. Diet restriction was not required since the mice in the two groups were found to have similar mean caloric intakes throughout the experiment.
Los Angeles Prostate Cancer 4 xenografts
The Los Angeles Prostate Cancer 4 (LAPC-4) cell line (a generous gift from Drs. Robert Reiter and Charles Sawyers) was developed at UCLA by direct transfer of cancer cells from a patient with advanced adenocarcinoma of the prostate into the s.c. tissue of severe combined immunodeficiency mice (27) . LAPC-4 produces prostate-specific antigen (PSA), has a wild-type androgen receptor, and shows features of hormone-dependent growth and metastasis (27) . Two weeks after starting their experimental diet, mice were injected s.c. in the lateral flank with 10 5 LAPC-4 tumor cells in 0.1 mL of Matrigel (Collaborative Biomedical Products, Bedford, MA). The LAPC-4 tumor cells used for injection were harvested from xenograft tumors propagated in severe combined immunodeficiency mice as previously described (28) . Throughout the experiment, mice were weighed and tumors examined weekly. The tumor dimensions were measured using a caliper. Tumor volumes were calculated using the formula: length Â width Â height Â 0.5236.
Serum and tumor collection
Eight weeks after the LAPC-4 cells were implanted, the mice in each group were euthanized. Serum was collected and stored at À70jC. Tumor tissue was weighed and rinsed with saline. Half of the tumor was snap-frozen in liquid nitrogen, and the other half fixed for 4 to 8 hours in 10% neutral buffered formalin and then embedded in paraffin blocks for histologic sectioning.
Serum PSA measurement
Human PSA levels in the mouse serum were measured by ELISA (Diagnostic Systems Laboratories, Inc., Webster, TX).
Ex vivo bioassay
The effect of mouse serum on LAPC-4 proliferation was examined as previously described using the CellTiter 96AQ Assay ( recentrifuged at 20,000 Â g for 30 minutes at 4jC to remove the cytosol. The membrane pellet was resuspended in 1 mL of PBS. The fatty acid analysis of diet, serum, and the plasma membrane was done as previously described (30) . Duplicate samples were extracted and converted to fatty acid methyl esters. Quantification was based on the recovery of a known quantity of the internal standard (tridecanoic acid; NuChek Preparation, Inc., Elysian, MN) and on the response ratio of fatty acid standards purchased from NuChek Preparation. The protein concentration of the membrane fraction was determined by bicinchoninic acid protein assay kit (Pierce, Rockford, IL) and used to express fatty acid methyl ester concentration as micromoles per gram of membrane protein.
Immunohistochemistry. Sections (4 Am thick) were cut from paraffin-embedded blocks of formalin-fixed tumors using standard methods. For Ki67 staining (monoclonal antibody; Dako A/S, Denmark), the slides were deparaffinized and the endogenous peroxidase was quenched using 3% H 2 O 2 in 70% methanol. The heat-induced epitope retrieval was done using a pressure cooker and EDTA buffer (pH 8.0) for 2 minutes. The sections were then incubated with the primary antibody (Ki67 at 1:100), diluted in calcium chloride for 2 hours, at room temperature, followed by the secondary antibody (anti-mouse, Dako Envision HRP; Dako, Carpinteria, CA) for 30 minutes. The washing steps were done with 1Â PBS Tween 20. 3,3 ¶ Diaminobenzidine tetrahydrochloride dehydrate was used to localize the peroxidase in tissue. The slides were counterstained with hematoxylin. Apoptosis (terminal nucleotidyl transferase -mediated nick end labeling) staining was done using ApopTag Peroxidase In situ Apoptosis Detection Kit (Chemicon, Temecula, CA).
Western analysis. The tumor protein (20 Ag) was subjected to PAGE and Western blotting with anti-human COX-2 monoclonal antibody (Cayman Chemical, Ann Arbor, MI) at 1:1,000 dilution. The secondary horseradish peroxidase -linked antibody was used at 1:4,000 dilution. Signal was detected using enhanced chemiluminescence detection reagent (ECL Plus; Amersham Biosciences, Piscataway, NJ). The membrane was stripped by Restore Western blot stripping buffer (Pierce) and reprobed with monoclonal anti-h-actin antibody (1:5,000 dilution; Abcam, Cambridge, MA). Personal Densitometer SI (Molecular Dynamics) and Image Quant (Amersham Biosciences) were used to quantify the Western signals.
Quantitative reverse transcriptase-PCR
Total RNA was extracted from LAPC-4 tumors using TRIzol reagent (Invitrogen, Carlsbad, CA) and purified using a RNeasy Mini column (Qiagen, Valencia, CA) according to the manufacturer's protocols. Total RNA was reverse-transcribed by the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA) with the random primers. mRNA levels were measured by real-time reverse transcriptase-PCR with the gene-specific FAM-labeled probe and primers [Applied Biosystems Assay-on-Demand Gene Expression Product: assay ID for COX-2, Hs00153133_m1; vascular endothelial growth factor (VEGF), Hs00173626_m1; glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Hs99999905_m1] using TaqMan Universal PCR Master Mix without AmpErase UNG (Applied Biosystems) as described by the manufacturer. The GAPDH mRNA quantitation (endogenous control) for each sample was included in every real-time reverse transcriptase-PCR reaction. The experiments were repeated twice.
PGE 2 analysis
PGE 2 extraction and analysis were conducted by the method of Yang et al. under low light to avoid photooxidation (31) . The extracted prostaglandins were separated by a Luna 3-Am, phenyl-hexyl, Table 1 . Fatty acid levels of experimental diets, mouse serum, and tumor membranes from n-6 and n-3 diet groups
Fatty acids
Diets Serum 2 Â 150 mm analytic column (Phenomenex, Torrance, CA) and analyzed on a Surveyor high-performance liquid chromatography system equipped with a diode array absorbance detector. The mobile phase consisted of a gradient system of 10 mmol/L ammonium acetate (pH 8.5) and methanol. Sample injection volume was 20 AL and were kept at 4jC during the analysis. Flow rate was 0.12 AL/min with column temperature at 35jC. Quantification was done by comparing the sample peak areas to a PGE 2 standard curve which was constructed using the purified PGE 2 (Cayman Chemical). The protein concentration of the tumor homogenate was used to express the PGE 2 levels as picograms of PGE 2 per milligram of protein.
Statistical analysis
Statistical comparisons between the groups (Splus 2000; Insightful Corp, Seattle, WA) were done by Student's t test or the Wilcoxon rank sum test if the variable failed a test for normality. Correlations between outcome variables were computed using the Spearman correlation coefficient. The coefficient of variation was calculated by dividing the SD by the mean (expressed as a percentage). Tumor growth rates were computed by fitting a linear regression between time and tumor volume for each animal and then compared between the groups with a two-sample t test. Data are expressed as mean F SE.
Results
Effect of n-3 and n-6 diets on LAPC-4 tumor growth, proliferation, and apoptosis. There was no significant difference in mean caloric intake between mice in the n-6 and n-3 diet groups, with the mice consuming an average of 0.5 kcal/g body weight/d (Fig. 1A) . In addition, there was no difference in mouse body weights between the two groups (Fig. 1B) . Tumor implantation and growth occurred in all animals injected, and there was no difference in time from tumor injection to the development of palpable tumor between the groups. The LAPC-4 tumors in the n-3 group had significantly slower growth rates (P < 0.01) and smaller mean final tumor volumes (68% reduction, 0.65 F 0.14 versus 0.21 F 0.05; P < 0.05) compared with the tumors in the n-6 group (Fig. 1C) . Mean serum PSA levels at the time of euthanasia were 77% lower in the n-3 group relative to the n-6 group (21.1 F 7.0 versus 90.2 F 14.7 ng/mL; P < 0.01; Fig. 2A ). LAPC-4 tumors in the n-3 and n-6 groups were histologically similar and revealed polygonal cells with pleomorphic vesicular nuclei and prominent nucleoli. There were large areas of necrosis with no evidence of tubule formation consistent with a poorly differentiated adenocarcinoma of the prostate. The mean Ki67 labeling index of the n-3 tumors was 64.5% lower than the labeling index in the n-6 tumors (9.4 F 1.8% versus 26.5 F 3.9%; P < 0.01; Fig. 2B ). Apoptosis as measured by terminal nucleotidyl transferase -mediated nick end labeling staining was increased by 67% in the n-3 group relative to the n-6 group (3.1 F 0.47% versus 2.0 F 0.26%; P = 0.05; Fig. 2C ).
Ex vivo LAPC-4 proliferation. The proliferative effects of mouse serum were evaluated by culturing LAPC-4 cells in vitro in medium containing nonpooled n-3 or n-6 mouse serum (obtained at euthanasia). After a 48-hour incubation in medium containing mouse serum from the n-3 diet group, LAPC-4 cell proliferation was reduced by 22% compared with cells grown in medium containing n-6 mouse serum (75 F 4.0% versus 97.9 F 9.5% of fetal bovine serum control; P < 0.05; Fig. 3 ). Fatty acid analyses. Table 1 shows the results of fatty acid analyses of the irradiated food pellets, fasting serum obtained at the time of euthanasia, and LAPC-4 membranes prepared from the xenografts. The n-6 food pellets contained only trace amounts of n-3 fatty acids compared with n-6 fatty acids (n-6/n-3 = 26:1), and linoleic acid was the predominant n-6 fatty acid (98% of total n-6 fatty acids). The n-3 pellets contained EPA and DHA as the predominant n-3 fatty acids (42.6% and 49.9% of total n-3 fatty acids, respectively), and linoleic acid was the predominant n-6 fatty acid (92% of total n-6 fatty acids). The n-6/n-3 ratio of the n-3 diet was 1:1.
The mean fasting-serum concentration of total n-6 fatty acids (mostly linoleic acid and arachidonic acid) was lower in mice in the n-3 compared with the n-6 diet group (n-3 group, 1,433 F 91.7 (FSE); n-6 group, 3,676 F 220.5 Amol/L; P < 0.001). EPA and DHA were the predominant serum n-3 fatty acids in the n-3 group (41.8 F 2.4% and 57 F 2.3% of total n-3 fatty acids, respectively), and serum levels of EPA plus DHA were higher in the n-3 group than the n-6 group (967.1 F 63.5 versus 213.5 F 11.2 Amol/L; P < 0.001). The serum n-6/n-3 ratio was 15.4:1 for the n-6 group and 1.5:1 for the n-3 group (10.6-fold difference; P < 0.001).
The ratio of n-6/n-3 fatty acids in the LAPC-4 tumor membrane was 7.8-fold higher in the n-6 diet group compared with the n-3 diet group (0.9:1 in the n-3 group and 7.0:1 in the n-6 group; P < 0.001). Arachidonic acid, eicosadienoic acid (n-6), EPA, and DHA were the only fatty Fig. 1 . Severe combined immunodeficiency mouse energy intake, weight, and LAPC-4 xenograft growth. Eight-week-old male severe combined immunodeficiency mice were fed either n-6 diet or n-3 diet (n = 15 per group) for 2 weeks prior to injection of1 Â10 5 LAPC-4 in the lateral flank. A, caloric intake was measured for each mouse thrice per week by subtracting the weight of uneaten food from the weight of the food given at the beginning of each feeding period. B, mice were weighed weekly. C, tumor volumes were measured weekly.
Points, means; bars, FSE; two-tailed Student's t test (*, P < 0.05). Fig. 2 . Effects of n-3 diet on serum PSA, tumor cell proliferation, and apoptosis. A, decreased serum PSA in the n-3 diet group. Human PSA levels in mouse serum collected at the time of euthanasia was measured by ELISA. n = 13 for n-6 diet group; n = 11for n-3 diet group. Horizontal line, mean value of each group (*, P < 0.001). B, decreased cell proliferation in LAPC-4 xenografts from the n-3 diet group. Ki67-positive cells (arrows, proliferative index) decreased by 65% in the n-3 diet group compared with the n-6 group. A total of 100 cells were counted for each sample; n = 13 for n-6 diet; n = 14 for n-3 diet (*, P < 0.001). C, apoptosis was examined by terminal nucleotidyl transferase^mediated nick end labeling assay. The percentage of apoptotic cells (arrows) increased in the n-3 diet group by 67%. A total of 200 cells per sample were counted (n = 12 for n-6 diet group; n = 13 for n-3 diet; P = 0.05). acids that were significantly different between the two diet groups. Membrane arachidonic acid levels were lower in the n-3 group (15.01 F 0.67 Amol/g protein) compared with the n-6 group (38.12 F 1.58 Amol/g protein; P < 0.001). In addition, membrane EPA and DHA levels were higher in the n-3 group relative to the n-6 group (65.74 F 1.49 versus 10.16 F 0.98 Amol/g protein; P < 0.001). The arachidonic acid/EPA + DHA ratio was 17-fold higher in tumor membranes of the n-6 diet group relative to the n-3 group (P < 0.001).
Effect of dietary fatty acids on tumor COX-2, PGE 2 , and VEGF. The mean LAPC-4 tumor COX-2 mRNA levels (measured by quantitative reverse transcriptase-PCR) was 32% lower in the n-3 group than the n-6 group (P < 0.05; Fig. 4A ). In addition, mean tumor COX-2 protein levels were 30% lower in the n-3 group relative to the n-6 group ( Fig. 4B and C) . Tumor PGE 2 levels were significantly (83%) lower in the n-3 diet group relative to the n-6 group (0.037 F 0.012 versus 0.218 F 0.052 ng/mg protein; P < 0.05; Fig. 5A ). The n-3 group tumors had 34% less VEGF mRNA expression compared with the n-6 group tumors (P < 0.05; Fig. 5B ).
Discussion
In the present study, we found that mice fed a 20% kcal fat diet with an n-6/n-3 fatty acid ratio of 1:1 had slower LAPC-4 tumor growth and lower serum PSA levels relative to mice fed an isocaloric 20% kcal fat diet with the majority of polyunsaturated fatty acids derived from n-6 fatty acids. In addition, LAPC-4 tumors in the n-3 diet group showed a decreased proliferative index and increased apoptosis relative to the n-6 diet group. Two prior feeding studies showed decreased s.c. growth of the androgen-insensitive human prostate cancer cell line DU-145 in mice fed predominantly n-3 fatty acids as compared with n-6 fatty acids diets (3, 4) . Whereas DU-145 tumors do not produce PSA and show androgen-independent growth, LAPC-4 tumors reflect androgen-dependent growth better as LAPC-4 tumors have a wild-type androgen receptor, produce PSA, and regress following bilateral orchiectomy (27) . Although total caloric intake may affect tumor growth, this potential confounding variable was carefully controlled for in the present study by housing one mouse/cage and measuring caloric intake 3 days/wk (32, 33) . The mice were found to have equal caloric intake in the n-3 and n-6 diet groups, therefore, a paired feeding regimen to match caloric intake between experimental groups was not required. Our experience has been that mice may significantly alter caloric intake depending on the palatability of the research diet, and palatability studies are therefore required prior to evaluating the effect of diets and/ or supplements on tumor progression in mice (29, 34) . Fig. 3 . Ex vivo LAPC-4 proliferation in mouse serum. LAPC-4 cells were plated at 5 Â 10 3 cells/well in 96-well plates for 24 hours, then incubated for 48 hours with the fresh medium containing 10% mouse serum from individual mice (serum was not pooled) from the n-6 or n-3 diet group. Cell proliferation was determined by measuring formazan product formation by dehydrogenase activity of viable cells. The doubling time of LAPC-4 cells in medium containing 10% fetal bovine serum was f48 hours under these experimental conditions. All experiments were done in duplicate. Data is expressed as a percentage of LAPC-4 growth in medium containing 10% fetal bovine serum. Columns, means; bars, FSE; n = 12 for n-6 diet; n = 15 for n-3 diet (*, P < 0.05). In a separate set of experiments, there was no difference in apoptosis using an ELISA assay (Cell Death Detection ELISA Plus, Roche Applied Science, Indianapolis, IN) of LAPC-4 cells incubated for 48 hours in medium containing nonpooled n-6 and n-3 mouse serum (data not shown). Fig. 4 . Effects of n-3 and n-6 diets on COX-2 mRNA and protein levels in LAPC-4 tumors. A, COX-2 mRNA expression was determined using real-time reverse transcriptase-PCR relative to GAPDH mRNA, a reference housekeeping gene. n = 8 for n-6 diet group and n = 10 for n-3 diet group (*, P < 0.05). The experiment was repeated twice. B, Western blot analysis of COX-2 protein. Lanes 1to 3 are protein samples from three different tumors from the n-6 diet group and lanes 4 to 6 contain individual protein samples from three tumors from the n-3 diet group. The h-actin band was used for protein loading controls. C, the optimized bands were quantified by densitometry and shown as an average of each diet group for COX-2 protein levels normalized by h-actin band (values are relative densitomeric units with SE; n = 4 for each group, the experiment was repeated thrice. A number of mechanisms may be responsible for the decreased LAPC-4 tumor growth, decreased proliferation, and increased apoptosis we observed in the n-3 group in the present study. The most likely mechanisms revolve around the effects of the diet on serum and membrane fatty acid ratios. Serum from mice consuming the n-3-based diet stimulated less LAPC-4 cell proliferation in vitro compared with serum from mice consuming the n-6-based diet. The serum factors responsible for this effect may be DHA (n-3), EPA (n-3), arachidonic acid (n-6), and linoleic acid (n-6). Mice consuming the n-3 diet had increased serum DHA and EPA levels and decreased serum arachidonic acid and linoleic acid levels relative to the n-6 diet group. Prior in vitro studies found that DHA and EPA had a growth-inhibitory effect, whereas linoleic acid and arachidonic acid had growth-promoting effects on prostate cancer cell lines (1, 2) . The LAPC-4 tumor membrane arachidonic acid/EPA + DHA ratio was significantly lower in the n-3 diet group relative to the n-6 group. The membrane arachidonic acid/EPA + DHA ratio in the n-6 diet group was 3.9 compared with 0.23 in the n-3 group. In response to a variety of stimuli, arachidonic acid is released from membrane phospholipids by phospholipases and converted by cyclooxygenase enzymes to prostaglandin H 2 (15) . Specific prostaglandin synthases in turn convert prostaglandin H 2 to bioactive eicosanoids including PGE 2 , PGD-2, PGF-2a, PGI-2, and thromboxane A2 (15) . PGE 2 has been shown to promote the growth of prostate cancer cells in tissue culture and potentially affect tumor cell invasion and metastasis through a number of signaling pathways which affect proliferation, angiogenesis, apoptosis, and immune responses (15, 18, 22, 35, 36) . Conversely, EPA and DHA compete with arachidonic acid as a substrate for the cyclooxgenases (COX-2 and COX-1) resulting in the production of three-series prostanoids such as PGE-3 and five-series leukotrienes that are antiinflammatory and have no mitogenic effects (37) . The net biological effect of prostaglandins may be determined by the balance in the tissues between prostaglandins derived from dietary n-6 and n-3 fatty acids. In the present study, PGE 2 levels were 83% lower in LAPC-4 tumors in the n-3 diet group relative to the n-6 group. Therefore, alterations in tumor membrane fatty acid levels may have played a role in the decreased tumor growth seen in the n-3 diet group by decreasing the tumor PGE 2 concentration.
A number of other mechanisms involving membrane phospholipid composition and eicosanoid biosynthesis may also explain the differences in LAPC-4 tumor growth seen in the n-6 and n-3 diet groups. Arachidonic acid (derived from dietary linoleic acid) and EPA compete for binding to lipoxygenase enzymes (38) . Specific lipoxygenase enzymes convert arachidonic acid to eicosanoids that potentially affect prostate cancer progression through proliferation, apoptosis, and angiogenesis (39) . For example, 5-lipoxygenase in LNCaP and PC3 cell lines converts arachidonic acid to 5-hydroxyeicosatetraenoic acid, which stimulates the proliferation and survival of prostate cancer cell lines in vitro (40, 41) . Levels of 5-lipoxygenase and its product, 5-hydroxyeicosatetraenoic acid, are significantly higher in malignant as compared with benign prostate tissue, and inhibition of 5-lipoxygenase induces apoptosis in prostate cancer cell lines (42, 43) . 12-Lipoxygenase converts arachidonic acid to 12(S)-hydroxyeicosatetraenoic acid. 12-Lipoxygenase levels were found to be higher in pathologically advanced and higher grade prostate cancers, and 12(S)-hydroxyeicosatetraenoic acid promotes tumor cell invasion and metastasis in a number of experimental systems (44, 45) . For example, 12-lipoxygenase transfected PC-3 cells injected in athymic mice produced larger tumors with increased vascularity relative to untransfected PC-3 tumors (46) . Thus, decreasing the ratio of arachidonic acid/EPA + DHA in cell membrane phospholipids may potentially decrease the production of hydroxyeicosatetraenoic acids implicated in prostate cancer invasion and metastasis.
In the present study, the n-3 diet group had decreased COX-2 mRNA and protein levels relative to the n-6 group. A number of studies have shown that COX-2 levels are increased in prostatic intraepithelial neoplasia relative to benign prostate tissue, and is highest in malignant prostate tissue (24, 25) . Numerous in vitro and animal studies incorporating COX-2 inhibitors have shown a clear role for COX-2 in promoting prostate cancer progression (38, 47) . COX-2 likely exerts its proliferative, antiapoptotic, and angiogenic effects through mechanisms involving the end product PGE 2 (48) . Furthermore, COX-2 is inducible by a variety of inflammatory stimuli including one of its end products, PGE 2 (20, 23) . Thus, the reduced COX-2 levels in the n-3 diet group may potentially be explained by a reduced arachidonic acid/EPA + DHA ratio in the membrane phospholipids, resulting in decreased PGE 2 production, which in turn, affected COX-2 expression. 5 . Effects of n-3 diet on PGE 2 levels and VEGF mRNA expression in LAPC-4 xenografts. A, PGE 2 was extracted from tumors and quantified by high-performance liquid chromatography/diode array detection and electrospray ionization mass spectrometry analysis. PGE 2 peak was clearly separated from the PGE 3 peak. n = 4 for each group (*, P = 0.01). B, VEGF expression was down-regulated in the n-3 diet group. Total RNA was analyzed for VEGF mRNA relative to GAPDH mRNA using quantitative reverse transcriptase-PCR. n = 8 for n-6 diet and n = 10 for n-3 diet. The experiment was repeated thrice (*, P < 0.05). In vitro studies by Liu et al. showed that PGE 2 increased hypoxia-induced VEGF expression by promoting hypoxiainducible factor 1-a translocation from the cytosol to the nucleus (36) . Preclinical prostate cancer models incorporating COX-2 inhibitors showed decreased angiogenesis (47, 49) . Likewise, focuses of inflammation in prostate cancer tissue in radical prostatectomy specimens had increased COX-2 expression and microvessel density staining (50) . In the present study, the higher tumor PGE 2 levels in the n-6 diet group may therefore be the mechanism for higher COX-2 mRNA and protein levels and increased VEGF expression seen in the LAPC-4 tumors.
Based on extensive literature on the tumor-promoting effects of COX-2, as well as epidemiologic studies on decreased prostate cancer risk in men with increased use of nonsteroidal antiinflammatory drugs, a great deal of interest exists for using specific and nonspecific COX-2 inhibitors for prostate cancer prevention and treatment (48) . The results of the present preclinical trial further suggest that dietary intervention trials incorporating n-3 supplements (DHA and EPA) with reduced dietary n-6 fatty acid designed to decrease tissue PGE 2 levels may also play an important role in primary and secondary prostate cancer prevention. An additional strategy may be the combination of n-3 supplements with COX-2 inhibitors given that the combination had additive growth-inhibitory and proapoptotic effects on prostate cancer cell lines in vitro (6) . Based on data generated from the present study, the authors are conducting a prospective randomized trial in men undergoing radical prostatectomy, comparing the effects of a low-fat diet combined with fish oil supplements (achieving an n-6/n-3 ratio of 2:1) and a western diet on serum and tissue fatty acid levels and on tissue COX-2 and PGE 2 levels. Further prospective clinical trials incorporating n-3-based dietary interventions and/or COX-2 inhibitors with relevant serum and tissue biomarkers are warranted.
